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NASA CR-111857
ABSTRACT

A program was conducted in which an instrument system concept was
studied to optimize the application of a mass spectrometer as a sensor
for monitoring the primary atmospheric constituents, as well as atmospheric
contaminants, on board a manned spacecraft. The program was divided into
six individual studies representing the primary system parts complementing
the spectrometer: A Carbon Monoxide Accumulator Cell (Volume 1), an Ion
Pump (Volume 2), an Ion Pump Power Supply (Volume 3), an Inlet Leak
(Volume 4), an Ion Source (Volume 5), and an Undersea Atmospheric Analyzer
(Volume 6). The principle goal of the combined study program was the
achievement of an instrument concept of minimum power, weight and size
without compromising the minimum detection limits of the instrument.

ii



TABLE OF CONTENTS

ABSTRACT

SUMMARY
INTRODUCTION
DESIGN DESCRIPTION

Series Impedance Approach

Duty Cycle Control Approach
Switching Preregulator Approach
Dual Mode Supply Approach

CONTRACT REQUIREMENTS

DUAL MODE POWER SUPPLY SPECIFICATIONS

SYSTEM DESCRIPTION - DUAL-MODE POWER SUPPLY
CIRCUIT DESCRIPTION - DUAL-MODE POWER SUPPLY

Drive Oscillator

Ton Pump Current Sensor

High Voltage and Low Voltage Converters

Worst Case Analysis
Worst Case Analysis: Drive Oscillator
Worst Case Analysis: TIon Pump Current Sensor
Worst Case Analysis: Power Converters

CONCLUSION
Ion Pump Power Supply Test Results
APPENDICES
APPENDIX A - ION PUMP POWER SUPPLY SCHEMATIC DIAGRAM
APPENDIX B - ION PUMP POWER SUPPLY ASSEMBLY LAYOUT

iii

NASA CR-111857

ii

co~NULT L1 ULt B LN N H

46
48



10.
11.
12,
13.

NASA CR-111857

LIST OF ILLUSTRATIONS

Dual Mode Power Supply Output Characteristics -
Voltage versus Current

System Block Diagram of Dual Mode Ion Pump
Power Supply

Ton Pump Power Supply Drive Oscillator
Ion Pump Power Supply Current Sensor
Dual Mode Ton Pump Power Supply Power Converters

Graph - Current Limit Circuit Test Results for
Dual Mode DC/DC Converter Input Voltage vs Current

Current Sensor -~ Equivalent Circuit Input Circuitry
Graph - 850 V Supply-Voltage vs Current

Graph - 5000 V Supply-Voltage vs Current

Graph - 5000 V Supply

Graph - 500 V Supply

Schematic, Ion Pump Power Supply

Ion Pump Power Supply

iv

36

37
38
39
40

41
42
43
44
45
47
49 - 54



NASA CR-111857

SUMMARY

The high voltage Ion Pump Power Supply for the Combined Studies Program
was designed to meet the contract requirements of NASA Langley, Contract
NAS1-9469, to operate a four liter per second ion pump efficiently and
reliably. Specifically, the ion pump power supply has demonstrated com—
pliance to the specification requirements for a minimum power (under 30
watts) breadboard power supply capable of reliably starting the ion pump
at pressures of 1 x 10~3 torr. Breadboard testing has shown that the maximum
measured input power to the Ion Pump Power Supply is approximately twenty
watts, which met and exceeded the design goal of thirty watts maximum.
Additional testing with a test load simulating a four liter per second ion
pump at a pressure of 1 x 10~3 torr demonstrated the ability of the power
supply to provide sufficient output power capability to reliably start the
pump. An added feature of the power supply is its ability to withstand
momentary short circuits on its output without damage.

The high voltage power supply described in this report has therefore
satisfactorily met the NASA Langley Research Center requirements under
Contract NAS1-9469.

INTRODUCTION

A combined study program was initiated under Contract NAS1-9469 with
NASA Langley Research Center to develop an inlet leak and ion pump assem~-
blies for a Magnetic Mass Spectrometer System. This system was to be used,
ultimately, in monitoring and controlling a multi-gas atmosphere in a
spacecraft cabin.

Ion pumps are the most practical method of producing and maintaining
high vacuums for mass spectrometers intended for space flight use. This
design report therefore, describes the development and testing of a high
voltage power supply necessary to operate the four liter per second ion
pump used in the Magnetic Mass Spectrometer System for NASA Langley Research
Center, Contract NAS1-9469,

Since the end use of a mass spectrometer system is for spaceflight
use, an efficient yet practical high voltage power supply was required. The
contract design goal was twofold: First, to maintain the total input power
to the Ion Pump Power Supply at less than thirty watts; and second, to be
capable of reliably starting the ion pump at pressures as high as 1 x 10-3
torr. These design goals were to be verified by manufacturing and testing
a breadboard Ion Pump Power Supply.
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DESIGN DESCRIPTION

The Ion Pump Power Supply for the Combined Studies Program under NASA
Langley Contract NAS1-9469 has been designed to operate a four liter per
second ion pump efficiently and reliably. 1In general, the most difficult
task of designing an Ion Pump Power Supply is that of providing the large
current operating range needed at various pump pressures. To ensure that
the pump does not dissipate excessive power, voltage regulation is re-
quired as a function of pump pressure. As an example, a typical change of
pump pressure would be from 1 x 103 torr (starting pressure) to 1 x 10-6
torr (running pressure). At a constant voltage, this differential in pump
pressure represents approximately the same change in pump current, or a
factor of 1000 (1000 times). When pump pressure is low (representing run-
ning pressure) keeping the voltage high is advantageous, and when pump
pressure is high (representing starting pressure) keeping the voltage low
is advantageous. Pump performance is thereby optimized. Therefore, some
method of voltage control is obviously necessary. Additionally, the voltage-
current relationship is nonresistive; and therefore a possible current
increase of ten could be required with a voltage increase of only three.
This effect is due to momentary high pressure (outgassing) in the pump,
which causes a nonlinear change of the voltage level as a function of pump
current,

Several possible design approaches were examined to resolve these pro-
blems; however, none singularly provided the required performance. A deci-
sion was made based on the importance of the tradeoffs, and a power supply
was developed to meet the majority of the system performance goals. Three
of the design approaches investigated are summarized in the following para-
graphs. The dual mode supply, selected as the best compromise to meet the
performance goals, will then be described in detail.

Series Impedance Approach

The simplest method to control the output voltage is a supply with a
series impedance. This can be achieved using resistance or current limiting
circuitry depending on the output characteristics desired. Although this
method has worked very well in other applications, the requirements for
the combined studies program specify a starting pressure of 1 x 10~3 torr
and an operating pressure of 1 x 1076, 1In order to provide 850 volts for
starting at this high pressure and five kilovolts for normal operation,
excess input power would be required and a highly inefficient system would
result.
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Duty Cycle Control Approach

Another approach is that of utilizing a series switching regulator to
duty-cycle control the input voltage with feedback from the ion pump cur-
rent. With this method, practically any required output characteristic
curve can be implemented. The major difficulty, however, is the design of
an efficient converter and rectifier circuit to accommodate both heavy cur-
rents at low voltages and light currents at high voltages. If a standard
full-wave bridge rectifier circuit is utilized, a very high step-up ratio
(20 V to 5 kV) would be required in the power transformer.

Two particular problems are encountered in this type of high voltage
DC/DC converter transformer. These are: First, excessive interwinding
capacitance; and second, high-voltage insulation. The interwinding
capacitance causes heavy switching losses in the converter transistors.
The need for high voltage insulation requires larger physical size, re-
sulting in increased core and dielectric losses.

Switching Preregulator Approach

If a single high voltage multiplier were used with a switching pre-
regulator, other factors appear. Voltage multipliers perform well under
light loading, but heavier loading requires voltage multipliers with
proportionately more capacitance. This capacitance reflects to the pri-
mary of the converter as the square of the turns ratio, resulting in
heavy switching losses similar to those expected from excessive inter-—
winding capacitance in the Duty Cycle Control Approach.

Dual Mode Supply Approach

The Ion Pump Power Supply design for the Combined Studies Program has
taken a dual mode optimum approach. Two supplies have been designed; one
for high-voltage/low-current and one for low-voltage/high-current. This
approach provides good efficiency upon starting and running. After an
initial high-presuure start at a low-voltage (850 V), the pressure drops
because of pumping. When the pump pressure reaches the maximum expected
ion pump operating pressure, the supply switches to the high voltage
mode (5 kV). This insures maximum pumping speed during operation and
optimizes the pump efficiency. Switchover hysteresis as shown in Figure 1,
is designed into the logic circuitry to allow for greater current on the
850 V supply output before switching to the high voltage supply. Addi-
tionally, a time delay function is incorporated to prevent the supply from
switching to the low-voltage mode due to current transients larger than
the steady-state switchover current.
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Although the dual mode ion pump power supply is more complex than a
single supply, the tradeoff between high efficiency at heavy and light
loading versus reliability, cost and size is justifiable. Also, a savings
of as much as forty watts will result over a single mode supply utilizing
any one of the previously described design approaches.

CONTRACT REQUIREMENTS

The contractual requirements for the Combined Studies Ion Pump Power
Supply specify a minimum power (under 30 W) power supply capable of start-
ing the ion pump at a pressure of 1 x 10-3 torr. The deliverable unit shall
consist of a breadboard assembly of the Ton Pump Power Supply. Documenta-
tion shall be provided to completely specify the assembled equipment.

DUAL MODE POWER SUPPLY SPECIFICATIONS

Input Voltage: 20 Vdc +17%
Input Current: 0.88 A measured under short circuit conditions.
Output Voltage:

a. Low Voltage Mode: 850 V Nominal
750 V Min at 12 mA

b. High Voltage Mode: 5000 V Nominal
3900 V Min at 1.8 mA
From Worst Case Analysis (WCA)
Output Ripple Voltage:

a. Low Voltage Mode: 6 V p-p
b. High Voltage Mode: 190 V p-p

Dual Mode Switchover Points:

a. Nominal Lower Trip Point: 0.1 mA +5% after set
b. Nominal Upper Trip Point: 1 mA +57% after set
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SYSTEM DESCRIPTION - DUAL~MODE POWER SUPPLY

The System Block Diagram for the Ion Pump Power Supply is shown in
Figure 2. The input power is filtered for electromagnetic interference (EMI)
considerations. The small drive oscillator produces base drive for the power
converters and supplies isolated dc voltages for operation of the current
sensor and base drive switchover circuits. The input and output grounds are
isolated by operating the current sensor on the secondary ground and switch-
ing base drive with a relay. The current sensor relay switches base drive
between the low voltage (850 V) and high voltage (5 kV) converters, depend-
ing on ion pump current. Figure 1 shows the output voltage versus current.
The difference in the switchover point, in switching from high to low and
low to high voltage, is termed "hysteresis'.

The hysteresis is provided to allow for the extra current requirement
of the TIon Pump Power Supply when switched from the low to high voltage mode,
The direction of the arrows in Figure 1 indicates that the response of the
supply is due to a change in load when in either the high or low voltage
mode. When in the low voltage mode, as in starting the ion pump, the current
must decrease to one—tenth of a milliampere before switchover to the high
voltage mode. Once in the high voltage mode, the supply will provide up to
one milliampere before switching back to the low voltage mode. The switch-
over time is approximately one second; a time delay is introduced to pre-
vent transients from switching modes unnecessarily. For the one second
before switching, the high voltage supply is current limited to approxi-
mately two milliamperes. The low voltage supply is current limited to
provide twelve milliamperes.

CIRCUIT DESCRIPTION - DUAL MODE POWER SUPPLY

The Ion Pump Power Supply consists of the following circuits; the
drive oscillator, the current sensor and the power converters.

Drive Oscillator

The drive oscillator (Figure 3) supplies base drive for the DC/DC con-
verters as well as dc voltages for the current sense circuitry. Using the
small free-running oscillator (10 kHz) to drive the power converter trans-—
formers allows the converters to be operated in their linear region. This
reduces current spiking and switching losses in the converter chopper
transistors. Power line interference (EMI) and transformer core loss are
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both reduced using this configuration. The drive oscillator transformer

is designed on a low-loss (square permeability 80) core. The chopper
transistors (Ql and Q2) are high frequency types, which in conjunction with
the transformer (Tl) operate on only 100 milliwatts of power,

When power is first applied, current flows through R3 and into the
center tap of the feedback winding of Tl. Q1 or 02 will turn on, depend-
ing on which has the most gain. Due to the polarity of the windings on
Tl, the opposite transistor is turned off. After a period of one-half
the oscillator's operating period the transformer core saturates, the
magnetic flux collapses and all voltages fall toward zero. The ON transis-
tor is turned off and the OFF transistor, no longer being reversed biased,
becomes susceptible to turn on. The voltage overshoot caused by core
saturation is enough to turn on the previously OFF transistor. The opposite
transistor becomes reverse biased and remains off until core saturation,
thus completing one cycle of operation.

Frequency of oscillation is mainly dependent on core flux capability,
input voltage and primary turns by the following expression; frequency is
affected only slightly by loading converter transistors and core squareness
ratio:

£ = E X 108
¢TNP
where, E = Applied rms input voltage
¢T = Total flux capability
NP = Number of turns on driven winding

Resistors R1 and R2 are chosen to provide sufficient base drive to
saturate Q1 and Q2 under full load. Diodes CR1 and CR2 alternately provide
a path to ground for base drive. R3 is a starting resistor, chosen to pro-
vide enough current to ensure oscillation. On the secondary of Tl are two
windings, one supplies base drive for the main power converters and the other
winding is rectified and filtered to provide plus or minus seven and one-
half volts for the current sensor. This winding is insulated for high
voltage, since it is common to the secondary high voltage ground. This
maintains primary-to-secondary ground isolation.
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Ton Pump Current Sensor

The ion pump current is sensed to provide the mode switchover command
to the power converters. (See Figure 4.) The voltage-current relationship
for the sensor has been explained in the system description and was shown
in Figure 2.

Ion pump current is sensed in the ground side of the high voltage
supply by R35. Since R35 is a one kilohm resistor, a one volt per milli-
ampere sense voltage to load current relationship is established. The
sense amplifier as a National LM30lA operated on plus or minus seven and one-
half volt supplies. Capacitors C26 and C27 bypass transients around R35.
The diodes (CR31 to CR33) protect the input of the LM30lA from overvoltage
caused by high load currents. Zener diode CR34 provides supply line
transient protection for ARl. Resistors R26 and R29 set the reference
voltage on Pin 2 of ARl to either plus one-tenth or minus one-tenth volt,
depending on the state of the output transistor Q4. The sense amplifier
changes to the opposite state when the load current is 100 microamperes
or one milliampere, corresponding to the plus one-tenth or minus one~tenth
volt reference on the inverting input of ARl. R30 maintains the source
resistance for the inverting input relatively low. Resistor R31l sets
the source impedance for the noninverting input approximately equal to
that of the inverting input. This is done in order to minimize the effects
of drift in amplifier input bias currents. From the manufacturer's data on
the LM301A, capacitor C4 rolls off the frequency response of ARl to an
open zero gain point of about 300 Hertz.

Capacitors Cl5 and Cl16, along with R28 provide positive feedback
around the LM301A to enable the circuit to latch more positively, thus
stabilizing the system during switching. Capacitor C2 and resistor R1l
form a unidirectional time delay. When a heavy current transient occurs
and the five kilovolt converter is operating, it is desirable to have the
high voltage supply remain energized for about one second before switching
to the 850 volt supply. This eliminates unnecessary switching back and
forth on transient currents. The high voltage converter will current
limit at two milliamperes during this period before switchover, so that no
component overstressing will be encountered.

When the output of ARl changes from +V saturation to -V saturation,
as when a heavy load occurs, the capacitor Cl13 changes from +V saturation
to - VRE Q6 (ON) +VCcrR17(0ON). The RC product of R23 and C13 thus determines
the time delay for switchover from the high to low voltage mode. When
switching the other direction, the time delay is not so prevalent. This is
because the voltage on Cl3 only has to change about six-tenths of a volt to
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turn Q6 from on to off. Transistors Q3, Q4 and Q6 provide the small base
current needed by Q6, R23 can be made large to reduce the value of Cl13
needed for the one second time delay. Transistor Q5 switches the positive
reference voltage from CR16 into the summing mode of ARl. Capacitor C12
bypasses the drive to Q5, eliminating relay chatter during switching.
Diodes CR16 and CR18 are used strictly as low current reference voltages.
They eliminate the need for regulated voltage for the high current relay
Kl. R6 keeps K1 (12 V relay) from drawing excessive current when oper-—
ated between plus and minus seven and one-half volts. Diodes CR7 and CR8
along with C6, act as a transient suppressor across Kl. CR9 and CR10 provide
protection from false turn on of Q3 by the Vgp(sat) of Q4. CR11 allows the
collector of Q4 to rise when Q3 is on. R7 and R1l provide a path for
collector-to-base leakage current, and are chosen sufficiently low to pre-
vent forward biasing of their respective transistor.

High Voltage and Low Voltage Converters

The high voltage converter (see Figure 5) delivers five kilovolts at
currents up to two milliamperes. The dec input voltage (20V) is converted
to an 850 volt (rms) squarewave by the chopper transistors (Ql3 and Ql4)
and the high voltage transformer (T3). The transformer output is multi-
plied to five kilovolts dc by the X6 rectifier circuit. The output current
is limited by the one ohm resistors (R19, R20) and the transistors (Qll,
Q12) connected in parallel with the bases of the chopper transistors. As
chopper collector current increases, the voltage drop across the one ohm
resistors turn on the current limiting transistors. Base drive for the
choppers is diverted to ground and Q13 and Q14 are biased into the active
region. This produces the sharp current limiting point, only a slight
slope in the voltage vs current graph can be seen. This small change
in voltage (< 5%) as current increases is due to the one ohm sense resis-
tors. The capacitors across the sense resistors improve the squareness of
the collector waveforms on the chopper transistors.

Resistors R17 and R18 were later added in series with the bases of
the current limit transistors to limit base drive. This was necessary
because of the peak charging current required by the X6 voltage multiplier.
As a result, the current limiting is not so pronounced as with the test
setup used to establish the current limit test circuit below (see Figure 6).
The resistor '"'softens' the knee of the turn on of the limiting transistors.
Diodes CR14 and CR15 were also added to suppress negative transients caused
by switching the transformer T3.
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20 @

100 @

- +20 V

Current Limit Test Circuit (See Figure 6)

The low voltage converter consists of the same primary circuit and
transformer as that of the high voltage converter. The secondary voltage is
bridge rectified to provide 850 volts dc at a minimum of 12 milliamperes.
The outputs of the two converters are paralleled together with isolation
diodes in series with the 850 volt supply. When operating on the five
kilovolt mode, these diodes isolate the 850 volt and five kilovolt cir-
cuitry. The negative outputs of both supplies are paralleled and connected
to secondary ground through R32 and the current sense resistor.

Resistors R4 and R5 current limit the base drive to the converter
transistors. Since, under maximum load (short circuit conditions), both
the high and low voltage converters draw the same power, the base drive
requirements are identical. Thus, the same base resistors may be used
for both converters. Relay Kl (driven by the current sense circuit) is
utilized to switch base drive to either DC/DC converter.

The high voltage transformer (used in both converters) is designed
for low loss and high reliability. The core is a Magnetics Incorporated
Square Permeability 80 type. The high voltage secondary winding is pro-
gressively bank wound to reduce winding to winding voltage. Before the
primary is wound, the secondary is completely vacuum encapsulated and
baked out. This ensures the proper insulation from primary to secondary
and also keeps the primary from physically disturbing the secondary. The
completed transformer is finally vacuum-dip finished to seal out moisture.
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Worst Case Analysis

The schematics of Figures 3, 4, and 5 have been used in performing
worst case analysis on each of the three circuits. The following worst
case parameters have been used:

a. Input voltage 20 V +17%
b. 1% Resistors¥* +27%

c. 5% Carbon Resistor* +22.5%

d. Ambient Temperature 25 - 40°C

*Derating applied to basic tolerance to account for worst case end of life
parameter variation.

Worst Case Analysis: Drive Oscillator (See Figure 3).- The Drive
Oscillator must be checked for operation under maximum load and minimum
input voltage and over the operating temperature range. Maximum and
minimum drive voltages to the converter and sensor circuit must be
established.

The worst case input voltage for the Ion Pump Power Supply must first
be determined.

<
|

1) Ve = [VCC(NOM)] [Tol on 20 V] - T,, V Ryypyeror

@) Ve = [Vcc (NOM)] [Tol on 20 V]
where: VCC(NOM) = 20V +17% ) ng = 19.6 Max and
(2) V(; = 20.2 ) Min V.
EINDUCTOR = 0.25 ohm
—fzo v = 0.8 A

10
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Next the maximum and minimum transformer winding voltages will be

determined.

Winding #1:

(3)

(4)

where:

Vi = I[Vcc = Vegsary (@ @)

Ratio (PRI:Wl)

Var =

[Vcc = Veg(sa) (@-Q2)

Ratio (PR1:W1l)

Ratio (PRI: W1) = 8:1 +3%
VE;(SAT)(Ql,QZ) = 0.3V
lmemm g
Voo = 20.2V
Y_C_(}_ = 19.6 V
—R—w—.l_ = 3 ohms
—Rﬂ = 2 ohms
R;(PRI) = 6 ohms
;RE(PRI) = 4 ohms
I = 5 mA
L = 2 mA

NASA CR-111857

Drive Oscillator base drive windings 4-5-6

T B

T, (01, Q2) Ea(PRI)] X

- Gy Ry

11
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&,

T. = 65 mA
_€(01,qQ2)
I =0
~C€(qQ1,q2)
(3) Vyy = 2.60V Max and min voltages
for drive oscillator base drive
(&) Voo = 2,27 V

Winding #2: Power Converter Base Drive Windings 7-8-9

() Vo ~“VCC_XCE(SAT) (Qt,q2) " Ic(o1,02) ;RE(PRI)] X

Ratio (PRL:W2) !} - (52 @)

®) Vo ‘“Vcc - Vep(sary (@5Q2) - Tc(1,02) q(PRI)] X

Ratio (PR1:W2) - (Iw2 sz)
where: Ratio (PRI: W2) = 5:1 +3%
sz = 4 ohms
sz = 5 ohms
Iw2 = 50 mA
Iw2 = 25 mA
) VW2 = 4.06 V Max and min voltages for
converter base drive
6) Vi = 3,42V

12



NASA CR-111857

Winding #3: +7.5 Vdc supply windings 10-11-12

7 Vys Vee ™ Ver(saT) (@1,02) - Ic1,02) EW_(PRI)] X

Ratio (PRI:W3)

T RATEY

—~

0]

~

<
|

W3 “ Yoo ™ Veresary @92~ Igqa,q2) RW(PRI)] X

Ratlp(PRI:WB) - (Iw3 Rw3)
where: Ratio (PRI: W3) = 2.35 +3%
Rw3 = 1.5 ohms
Rw3 = 2.5 ohms
Iw3 = 30 mA
Iw3 = 60 mA
N Vw3 = 8.82 V
Max and min ac voltages
(8) Vw3 - 7.71 for +7.5 Vdc supplies

From the above ac voltages the maximum and minimum +7.5 Vdc outputs
will be calculated.

9) V+7.5V = Vw3 - V diode

(10) V 47.5V = V4 — V diode

13



where: v

V diode
V diode

(9) V7.5V

(10) V +7.5V

Beta requirements for all transistors must be checked.
summary must first be developed to determine maximum chopper collector
current.

8.82 Vv

7071 V

0.5V

1.0V

8.32 Vv

NASA CR-111857

Max and min +7.5 Vde

6.71 V

Power Summary for Drive Oscillator

supply voltages

A power

Load

Maximum
Voltage (V)

Maximum
Current (mA)

Maximum
Power (mW)

Base Drive

for Drive Oscillator

Power Converter
Base Drive

+7.5 Vde
Supplies

Core
Loss

TOTAL LOAD
POWER

2 (2.60)

4,06

8.82 v

20V

9.3

46.3

60

10

48

188

1058

200

1.94 w

The total load power for the drive oscillator is shown
Summary.

in the Power
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The minimum necessary Beta for the chopper transistors (Q1 and Q2)

must first be determined.

L) By

2

(12) CcQl

(13) 1

(14) B

where: B

Qi

PDRIVE 0sC

therefore: B

o

(o
=2
po]
—~

P

DRIVE 0SC

VCC

2 Vi1~ Veor T VaE(Q2)

2 R1

PDRIVE 0SC

ccl? Viup ~ Y

<

FD1 VBE(QZ)

2 RL

50

1.94 W

19.6 V

1v

1v

440 ohms

26.4

The minimum available Beta from the PG1074 is 50; the maximum needed
is 26.4: therefore, there is sufficient gain.

15
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The drive oscillator must be checked to ensure starting under worst
case conditions. The minimum worst case open loop gain must be shown to
at least 1.0,

Drive Oscillator Circuit

Drive Oscillator Equivalent Circuit

16
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To find the gain of the equivalent circuit:

(15)  AVgyyp = AL Rp
AT, = AI; B
AWoyp = AIg B Rp
AV
Sine ATy = E{JEE
N
AVout B R
an I R
IN IN
(18) RIN = (Rl + R2) + RB, + B+ 1) RE
B
(19) Gain RL

(VOLTAGE) ~ (Rl + RZ2 + Ry + (B + 1) Ry

26

and R = ——— ohms
E IE (mA)
RB' = 100 ohms or less for IE > 1 mA
RL = 198 ohms (from power summary drive oscillator)
therefore:
B R
(20)  Galniyormacr)y = ®I ¥ RD) + Ry + (B +1) 26
I
E
From (3)
3R
(21) Gain - — —
(VOLTAGE) (RL + R2) + Ry, + (B + 1) 26 K=
i
where: K* modifies the constant 26 to allow for worst case temperature.

17
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Since RE = %ﬁ = EK%_ at 25°C
E E
(22) K = Boltmann's Constant
T = Temperature °K
q = Electronic charge
at 40°C
(23) Ry = %i- g;g = 2;£3 ohms

Since minimum gain appears at minimum emitter current, this occurs
during startup when the starting resistor (R3) supplies the only base current.

During starting

where: B = 40 o
— Ji
‘oo " Ym0 1
(25) I = 5

— R +<R1,2 + Ropans w1)

B
2

The multiplying factor of one-half assumes the worst case condition of
current splitting equally between Ql and Q2.

Voo = 17.6 Y, Voo ot o 1V

R3 = 57.5K RTRANS Wl 3 ohms

‘EI,Z = 432 ohms

B 40

— (Q1,02)

EE_ # 0.32mA Min base and emitter current
for Q1, Q2

IE = 9.6 mA

18
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Solving for the gain of the equation 21

. . . Min gain (V)
Gain (V) Circuit = 0.3 } of Ql, Q2
This is only the gain of the transistor circuit, the transformer wind-
ing ratio and voltage drops of the diodes and transistors must be accounted
for.

(26) Gain (V) Total Open Loop = [Gain ) Circuit] b4

Gain (V) Transformer] x [ Atten (V) due to VBE’ VD]

where:

Gain (V) Transformer = 0.242 (From timing converter worst
case analysis)

27) Atten (V) due to V__ and diode drop = V.. — 2V

BE W D
andlzﬂ = 4,75V
vy = L0V
Gain (V) Total open loop = 1.3 Min worst case open

loop gain during starting.

The preceding analysis has shown that, worst case, there is sufficient
loop gain for the timing converter to start reliability.

Worst Case Analysis: Ton Pump Current Sensor.— The worst case trip
points for the current sensor must be determined. The circuit diagram is
shown in Figure 4 and an equivalent circuit to the input circuitry of the
current sensor is shown in Figure 7.

Voltage, V1, is generated by the ion pump current flowing through
resistor R35. V4 and V5 are the voltage sources that determine the circuit
trip points. Voltage source V5 sets V3 nominally to minus one volt. V4 is
switched in to the node at V3 when the minus one volt trip point is desired.
The variable resistors R26 and R29 allow selection of current trip points
and provide a means to compensate for initial tolerances on components and
supply voltages.
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The maximum and minimum current trip points (settable by R26 and R29)
are to be determined. The two discrete levels of V1 are defined below:

Vl(ON) = V1 when relay Kl is energized
Vl(ON) nominal = -1,0 V
Vl(OFF) = V1 when relay K1 is not energized
Vl(OFF) nominal = -0.1 V
Solving for Vl(ON) maximum and minimum: (S1 open in model)
28 @ el = Bonl + Voswy * Tosan Reqomy +
IBIAS(Al) I(REQ(ON) - R31>|
@ @ el = 1Benl = Vosan - Tosean) Reowom
Tp1As (A1) I(REQ - R21)!
where: R (o) (R25 + R29) ||R30

|V3(ON)! and |V3(ON)‘ must be determined with S1 open:

B0) 3 [Vl = V5 BN
R29 + R25 + R30
R30
oD@ eyl - 25 + T25 + R3O
where: V5 = 5.355V
V5 = 4.845V

20
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+

The equivalent

R30 = 10.2 K R29 = 55K R25 = 13.25K
R30 = 9.8K R29 = O R25 = 12.75 K
|v3 | = -2.38V
(oM Max and min
Value V3
lv3(0N)| -0.61 V (oN)
Solving equations (28) (29)
where: VOS(Al) 10 mV R31 = 6.79 k
IOS(Al) 70 nA R31 = 6.50 k
RE;(ON) = 5,55k
IBIAS(Al) 300 nA REQ(ON) 8.86 k
(28) ]v1(ON)| 2,41V
Max and min trip voltages
_ with relay energized
(29) IVl(ON)| = 0.59 V
Solving for Vl(OFF) maximum and minimum: (S1 closed in model)
(32) [V1 gy | V3orryl + Vosar) * Tosar) Req(orm)
Ipras(al) |Rmqeorr) ~ 23LI
(33) V1 g iVg‘gma'}?)‘ Vos(a1) Tos(an) REq(orr)
Ip1as(al) I(REQ (OFF) ~ B—?il)l
V3(OFF) and V3 must be determined with S1 closed:

circuit is shown below.

21



Equivalent Circuit for Solution of VS(OFF)

NASA CR-111857

¢
13 K 13 K
1% %
R26 1:$
< R29
50 K ] 50k
V4
o V5
‘l‘_—:—IS.l V 5% ']‘_5 v +5%
CE (SAT) Q5
| Where. VCE(SAT) QS = 0.25
+ Veg(sat) © =0
I R26+R27 R30 R25+R29 12
| = Vi
1 © R26+R27
= VU5
2 © R25+R29

which simplifies to:

12-11

AR
A A Ad

22

3E.

RT

(1, -

I‘)R

(R2 + R27) || R30 || (R25 + R29)
(R26 + R27)||R30]|(R25 + R29)

——AAM——

V3
T




== V4
(34) V3 gy | = v _ =
R25 + R29 R26 + R27

[(R26 + R27)| |R30] | (R25 + g_zg)]

| | v5 A
(35) |V3 sl - —
—{OFE). [R25+R29 R26 + R27

[(R26 + R27)| |R30| | (R25 + m>]

where: V4 = 5.355 vV R27 = 13.25 k
V4 = 4.595V R27 = 12.75 k
R26 = 55 k
R26 = 0
V5 = 5.355 7V R25 = 13.25 k
V5 = 4.845 V R25 = 12.75 k
R29 = 55k
R29 = O
R30 = 10.2 k
R30 = 9.8 k
(34) |v3 | = 1.85V
(OFF) Tax and Tin values
_ V3
(35) |V3(0FF)[ = 1.80 V (OFF)
NOTE: VB(OFF) Neg

The maximum and minimum (settable) values of V1

(OFF)

NASA CR-111857

can be determined.
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Although V3(OFF) solved for an Equation (8) in a positive value, the

minimum usable trip level is zero volts. The contribution of offset and
bias current is approximately twelve millivolts in the analysis for V3

(oN)*
It will be dropped from the solutions of VB(OFF)’ since it is negligible.
(32) Vv1i 1.85 vV »
(OFF) Max and min trip voltage
with relay OFF.
(33) Vl(OFF) 0

Considering the tolerance on the one kilohm current sense resistor, the
maximum and minimum values of the two current trip levels are as follows:

LIRIP (RELAY ON) 2.46 mA
TIRIP (RELAY ON) 0.58 mA
T1R1P (RELAY OFF) ~ 1.89 mA
1 0 mA

TRIP (RELAY OFF)

The above values indicate the initial setability of the current trip
points.

After initial set, the drift due to temperature is another considera-
tion to be made. The drift of the initial set point results mainly from
changes in the plus or minus five volt reference voltages.

The temperature coefficient of the zener diode (1N5523B) is not speci-
fied in the manufacturer's data. The basic tolerance, however, is plus or
minus five percent and a maximum change of plus or minus three percent for -
temperature and bias current variations have been assumed as worst case. >
Other items responsible for drift are the current limit adjustment potentiom-
eters. They have an accuracy of plus or minus two percent after set from
zero to fifty-five degrees centigrade. The overall worst case drift in
current trip point is, therefore, plus or minus five percent.

The accuracy of the sensor could be greatly increased by using select-
at-test resistors instead of potentiometers. Also, more accurate tempera-
ture compensated zener diodes could be utilized to further reduce drift
error.
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To complete the current sensor worst case analysis, the transistors
are checked for sufficient base drive under worst case conditions. Ql
is first checked for sufficient base drive.

T
cqQ3
(36) (1) B, (Required) = —35
Q3 T3
T V(+7.5) = V(-7.5)
37) @ 1 =
o [ BRELAY + R6 ]

\
(38) (3) IB93 = <[V(+7-5) - V(—7-5)] (VDQ + VDll)” VBE(SAT)QB)"
R8

< VBE(SAT)93>

R7
where: RRELAY 189 ohms V(+7.5) = 8.32 V
R6 = 98 ohms V(-7.5) = 8.32V
RS = 6.25 k VD9 = 1.0V
R7 = 36.4 k VDIl = 1.0V
VBE(SAT)Q3 1.0 v
(38) IB;3 = 2.15 mA
(37) ICQ3 = 58 mA
(36) B;3 = 27

Since Q3 has a minimum available Beta of 80, there is suf-
ficient base drive.
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Q2 is checked for sufficient base drive:

|

)

(39 Boy (required) = IC :
BQ2
w7 _ VOT.5) - VET.5) - WL - Vepgunygq
CQ2 RS
Gy 1 - 273 " Vercsamyos ~ Yer(samios _ VBE(sAT)Q4
_BQ2 2 RL1
where: R8 = 3.95 k
R12 = 27k
Rl = 36.4k
Vee(samyqs - 1V
Vee(samos - -2V
Vee(samos = ©
(41) IB§4 0.26 mA
(40) 1054 4.1 mA
(39) 1 15.8

Q4 (REQUIRED)

Since Q4 has a minimum available Beta of 80, there is sufficient base
drive.

Q6 is checked for sufficient base drive:

L)
Q
(o))

(42) Bog  (rEquIRED) ~ T

g

26



(43)

(44)

where:

(44)

(43)

(42)

NASA CR-111857

— _ VE7-5) = Vopsaryos ~ VeE(sATIQ6 | VBE(SAT)Q4
CcQ6 p—
Q R12 =11
T v
_ Vo (al) VBE(SAT)Q6 _ ¥ . _BE(SAT) (Q6)
Tpoe = — D17 R22
R23 -
Vom (SATY06 W RI2 = 17k
Vem (saT)Q6 0 R = 57.7 k
Vo (a) - 5V ®22 = 80.2 k
V7.5 V) = -8.32V Vo = 1V
R22 = 77.5 k
Tyos = 0.025 mA
Toge = 0.43 mA
Bog = 17.2

Since Q6 has a minimum available Beta of 60, there is sufficient base

drive.

Q5 is checked for sufficient base drive:

(45)

(46)

I

B =._CL5

Q5 (REQUIRED) Tpos
— V3V - Vepgarygs T Vrrip
Toos =

cQ R27
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7 1. = Y3 V) - Vap(samyos ~ Vcr(samyos
BQS —
RZ1
where: VH#5V) = 5.35V R21 = 184 k
Vg = O R27 = 12.7 k
v 0
CE(SAT)Q5
VBE(saT)Q5 ~ T
(47) Iggs = 0.222 mA
ICQS = 0.42 mA
(45) By, = 19.1

Since Q5 has a minimum available Beta of 60, there is sufficient base
drive.

The relay Kl is checked for worst case maximum and minimum voltage:

48) ¥ = [V(+7.5 7 - V7.5 V)] “Reray

) RELAY ‘ R6 + ﬁf—————

—_— RELAY

RRELAY

(49)  Vop,y = [V(+7.5 V) - V(=7.5 V) ] ;_%—:—-————-

RRELA,Y
where: V(+7.5) = 8.32 V; V(-7.5) = -8.32 V
V(+7.5) = +6.71; V(=7.5) = -6.71 V

28



NASA CR-111857

Ropray = 244 ohms; R6 = 102 ohms
EBELA! = 189 ohms; R6 = 98 ohms
(49) XEELAX = 8,72 V
(48) Voo g =119V

Manufacturer's data guarantees relay pull in at six and eight-~tenths
volts at twenty-five degrees centigrade and nine and three-tenths volts
at 125 degrees centigrade. This would indicate approximately seven and
two-tenths volts at the maximum temperature of forty degrees centigrade.

Thus, there is sufficient relay voltage worst case.

Worst Case Analysis: Power Converters (See Figure 5).- The 850 volt
and five kilovolt supplies shall be checked worst case for minimum voltage
and current output before current limiting occurs. From data on the diode
2N4401; five~tenths of a volt, VBE(ON)’ will produce less than one-tenth

milliampere collector current. Since the chopper base current is about
thirty milliamperes, the one-tenth milliampere drawn will not cause
noticeable limiting. The following worst case analysis assumes a minimum
of five~tenths of an ampere collector current with no effects of current
limiting.

850 volt Converter:

(50) V850 v = [VPRI(TZ) ][ratio(PRI: 850 V)TZ] [Winding Tol] -

2 VpropE "~ I850R(SEC)T2
GL Verrarz) = Yee T Vemesame9,aio T VE(Omo7,08 -

Ic RPRI(TZ)
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where:

(50)

To solve for minimum output current under these conditions, solve

RINDUCTOR

VDIODE(H.V.)

VBE(ON)Q7,Q8

Ratio ppy: 850 v)T2

VCE(SAT)Q9,Q10

winding tolerance

ReprD)TL

R src)T1

Toov

e

Ves0

2

]

NASA CR-111857

12 mA

"19.6 V

1/4 ohm

10 V at 100 mA

0.5V

43.4: 1

0.5V

0.98

0.2 ohms

175 ohms

0.7 A

0.5 A(Defined)

763 V Min output voltage

transferred to the secondary of the transformer.

(52)

where:

30

P = V

SEC PRI(T1) *

From equation (51)

VpRT (T1)

I
c

x Efficiency

18.47 V

for the power
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IC = 0.5 A
Efficiency TL = 0.95
(52) .°. f§§9 = 8.77 W
_ sKC
(332)  Iyyrpur Vsnc
where: VSEC 850 " 785 V
(53b) IOUTPUT = 11.2 mA

From this analysis it has been shown that the worst case output voltage
and the current at that voltage is 763 volts dc at eleven and two-tenths
milliamperes.

Next, the chopper transistors must be checked for sufficient Beta. The
maximum Beta needed is determined by dividing the worst case maximum
collector current by the worst case minimum base current.

(34 B = I5(q9,q10)

18(q9,010)

For I,, five-tenths of an ampere is used, because it was used in the
previous worst case analysis for minimum output levels.

VBASE DRIVE WIND - 'BE(Q9,Ql0) ~ 2 I¢
(55) 1 = —

18(09,010) -
where: IC(Q9,QlO) = 0.5 A

VBASE DRIVE wixomng 42V

(from worst case

analyzer - Drive Osc)

= 1V

VBE(Q9,Q10)
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R15 = 1.02 ohms

A = 80.5 ohms
(55).£§(Q9’Q10) = 23.8 mA
©4) Bq9,010) -

The minimum Beta for the chopper transistors is 40; the Beta required
by the circuit is 21. Therefore, there is sufficient gain.

Five Kilovolt Converter.- Since the high voltage converter is the same
as the low voltage, except for the X6 multiplier, the analysis is almost the
same. The minimum transformer output voltage determined in the previous
worst case analysis can be multiplied by six to yield a minimum value for
the high voltage. However, there are some additional losses in the X6
multiplier due to transients. Since these losses are dependent on circuit
capacitance, waveform squareness and their factors, they are impossible
to predict. While a detailed Fourier analysis might be performed, the
circuit parameters would still be questionable. Therefore, this analysis
is considered only as a rough calculation. The actual worst case output
voltage should be determined by subtracting the difference between nominal
(5 kV) and calculated worst case voltage (4.6 kV at 1.8 mA) from the actual
test data taken.

(36) V5 4y = 6X Vepc 850 ~ Vprone ~ 850 v R(sec)T3
P
(57) I 1y = " SEC
6X Vgrc 850 v
where:
Vere . = 7857V
Vb10DE = 10V
Tgsg = 12 mA
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R (sECc)T3 175 ohms
(56) Vs .y = 4625 V
Min output voltage and
(57) 15 - = 1.88 mA current at that voltage

The minimum calculated output of the high voltage supply is four and
six~tenths kilovolts; the minimum current at this point is one and eight-
tenths milliamperes. Since this is 400 volts below nominal; the actual
worst case output can be figured from Figure 2 as 3900 volts.

The Beta requirement for the high voltage converter is identical to
the requirement for the low voltage.

The remaining item to be worst case analyzed in the power converter is
the power dissipation of the chopper transistors. From data on the 2N4401,
typically a VBE(ON) of seven~tenths of a volt will cause thirty milliamperes

collector current. This would cause severe current limiting of the chopper
transistor since its total base drive current is about thirty milliamperes.
At a VBE(ON) of eight-tenths of a volt, the 2N4401 would typically draw

500 milliamperes of collector current. The circuit current limit point

would definitely be before this point, so worst case VBE is chosen at

eight-tenths of a volt. At eight-tenths volt, V the chopper transistor

BE(ON)?
is drawing eight-tenths of a milliampere. Assuming full voltage across the
transistor (which would be worst case), fifteen and six-tenths of a watt are
dissipated in the chopper transistor. Considering the one-half duty cycle,
each transistor worst case power dissipation is seven and eight-tenths watts.
The Thermalloy 6166B heat sink used on each chopper transistor would rise

to 126 degrees centigrade if the supply was short circuited (worst case
condition). Since the heat sink is mounted on the power supply chassis,

the temperature rise will not actually reach 126 degrees centigrade. The
chopper transistor is rated for twenty watts dissipation at 100 degrees
centigrade case temperature. While the case temperature may be somewhat
over 100 degrees centigrade, the maximum power is seven and eight-tenths
watts. The transistors are therefore well within their ratings at short
circuit conditions.
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CONCLUSION

Ion Pump Power Supply Test Results

The results of the Ion Pump Power Supply tests are summarized in
Figures 8 through 11. Figures 8 and 9 show the output voltage vs current
relationships. The graphs in Figures 10 and 11 show the input current and
output ripple voltage vs the output load current. These graphs are included
to demonstrate the major supply characteristics with respect to the operating
conditions.

The mode switchover points have been designed and adjusted to one milli-
ampere and one-tenth of a milliampere as required; however, for experimen—
tation purposes, the switchover point can be varied by adjustment of R26 and
R29. Adjustment is most readily accomplished by using a DVM and monitoring
the voltage drop across the current sense resistor, R35.

With the ion pump supply operating in the high voltage mode (low out-
put current) adjust R29 for one volt. Next, load the supply until it
switches to the low voltage mode. Then adjust R26 to one~tenth of a volt.
The one volt and one-tenth of a volt readings correspond to one milliampere
and one-tenth of a milliampere, but can be varied at any operating point
consistent with Figures 8 and 9. Since the current sense resistor is a
one kilohm, a one milliampere per volt relationship exists.

During the ion pump supply tests, the output was short circuited several
times. The supply first current limited on the high voltage mode and the
switching (with a delay of about one second) down to the low voltage mode
and again current limited. When the short was removed, the supply returned
to normal operation. While this short circuit protection has demonstrated
its effectiveness, it was designed for intermittent operation only. There-
fore, the user is cautioned not to purposely short or overload the supply.

The Combined Studies Ion Pump Power Supply has demonstrated compliance
to the specification requirements for a minimum power (under 30 watts)
breadboard power supply capable of starting the ion pump at a pressure of
1 x 10-3 torr.

The deliverable unit has been tested and the test results documented
in Figures 8 through 11 of this report. Additionally, the circuit schematic
(Figure 12) of Appendix A and photographs (Figure 13) of Appendix B com-~
pletely document the breadboard deliverable unit.
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. ALL CAPACITORS 6.8-35V
. ALL RESISTORS 10 W IN. W,
. TRANSFORMERS P/N 343270

VMIHBWN

- Q9
PG1218
R13 >,
479
Q7 A'A'A' &
RCO7 T2
&CR12  thkce $ris
> (4.7 M
1N4148 IlO/ZO > (247
CR13 _L
& 1IN4148 c7 <& + |
¥ rig Jio/20 gRI6 cio c21 $SRr33
470 <
Q8 AN N-—4 o
K RCO7 = |
Q10
PG1218 C22 R34 g CR29
e
rRa "} 0.47/600 V
78.70
RN6SC | o—rt——y
Eéﬁé) | Rﬁ%fY l +20 V) CR30
‘ R5
} 78.79 I !
7 RN65C |
- 2 N
= j - 0.0025 >
7c-i"7KV:: CR23 ].
c23
Ql3 )
R1T & PG1218 e S
Qll VAA—8 . CR24
RCO7 | 13 “3;8 )
CR14 +*Lc8 <
]r SR19
@ 1IN4148 TI0/20 @ X CR25
PG1074 cl9 c24
- *—e 0.01
CR15 J; 0.005 3KV
in4l4sl =T ¢ < + 6 KV 2ECR26
> ¥ s Tlo/20 SR ci1 )
470 I .I
Ql2 AAN— i+ % CR27
RCO7 c20 c25
—) —3 0.01
& 0.005 3KV
Ql4 3KV CR28
PG1218
NOTES, UNLESS SPECIFIED: R32
. ALL DIODES SCE40 1KQ
ALL TRANSISTORS 2N4401 RC20

TO CURRENT SENSE RESISTOR

FIGURE 5.- Dual Mode TIon Pump Power Supply Power Converters
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+7.5V

R31 LOAD
AR1 6.65 K
m3o1a L Wy vy

R26 R29 R30 R35
PS50 k [ 7950 K 10 K 1K
1% 1%
—705 V
R27 R25
13 K 13 K

=5.1V £5%
vh

+5.1V £5%
“VeE (sAT)

FIGURE 7.~ Current Sensor - Equivalent Circuit Input Circuitry
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APPENDIX A

ION PUMP POWER SUPPLY SCHEMATIC DIAGRAM
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APPENDIX B

ION PUMP POWER SUPPLY ASSEMBLY LAYOUT
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CR-111857

FIGURE 13.- Ion Pump Power Supply (Sheet 1 of 6)
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APPENDIX B

NASA CR-111857

FIGURE 13.- Ion Pump Power Supply (Sheet 2 of 6)
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APPENDIX B

NASA CR-111857

FIGURE 13.~ Ton Pump Power Supply (Sheet 3 of 6)
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APPENDIX B

NASA CR-111857

FIGURE 13.- Ion Pump Power Supply (Sheet 4 of 6)
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NASA CR-111857

FIGURE 13.- Ion Pump Power Supply (Sheet 5 of 6)
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NASA CR-111857

FIGURE 13.- Ion Pump Power Supply (Sheet 6 of 6)



